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DOI: 10.1039/c1jm13217bPlatinum is the most active and one of most commonly used catalytic metals. In this article, atomistic
simulations have been employed to systematically investigate the thermal stability of platinum
nanowires with single-crystalline and fivefold twinned structures. It has been revealed that the single-
crystalline nanowires possess better structural stabilities than the twinned ones. Furthermore, when
subjected to continuous heating, the twinned nanowires exhibit an inhomogeneous melting, essentially
different from what happens in the single-crystalline ones, and hence the lower melting point. By
analyses of the microstructural evolution and dynamics behavior during the heating process, the
structural transition of the nanowire is discussed and the inhomogeneity in the twinned nanowire is
identified to originate from the dislocation-induced destruction of twin boundaries.1. Introduction
Platinum (Pt) metal is of great technological importance and is
used indispensably in modern chemical industry, automobile
exhaust purification, and fuel cells because of its excellent activity
and stability.1 Based on the fact that the catalytic activity is
closely associated with the surface structure of the nanocrystal
whose shape depends on the crystallographic planes that termi-
nate the nanocrystal,2 research on the shape-controlled synthesis
of Pt nanocrystals has attracted growing interest over the past
decade. So far, experimentally prepared Pt nanocrystals have
exhibited a rich variety of morphologies, such as films,3 nano-
rods,4 nanowires,5,6 nanotubes,7 and nanoparticles with cube,8
cuboctahedron,9 octahedron,10 tetrahexahedron,11 and other
shapes. Among all the obtained morphologies, one-dimensional
(1-D) nanowires (NWs) have sparked great scientific interest
owing to their long segments of smooth crystal planes and lower
number of surface defect sites compared with nanoparticles,
which are desirable attributes for fuel cell catalysts.12,13 It has also
been found that the 1-D geometry allows for the preferential
exposure of low-energy crystal facets which are highly active
toward the oxygen reduction reaction.12 Consequently, an elec-
trocatalytic activity per unit surface area nearly seven times
higher than that of commercial supported Pt nanoparticles has
been realized in ultrathin NWs.5 Additionally, small diameter Pt
NWs, grown directly on an amorphous carbon support, haveaDepartment of Physics and Institute of Theoretical Physics and
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18998 | J. Mater. Chem., 2011, 21, 18998–19004shown a specific activity per unit surface area more than three
times that of a commercial nanoparticle cathode.6
Novel fivefold twinned NWs (or nanorods), the typical struc-
ture of which is a pentagonal prism with {100} facets capped by
two pentagonal pyramids with {111} facets,14,15 are frequently
observed in some face-centered cubic (fcc) metals (e.g. Au, Ag,
and Cu) because the growth along lateral direction is greatly
inhibited due to the stress originating from structure mismatch
and also the interfacial energies of their twin boundaries are
relatively low.16–20 However, owing to the extremely high stack-
ing fault energy of Pt,21 twinned Pt NWs had rarely been
obtained until by a recent electrochemical method.22 As is well
known, the physical and chemical properties of metals will be
profoundly modified by the introduction of twin defects. For
example, experimental study has demonstrated that twins could
be used in bulk metals as a tool to obtain ultrahigh strength while
retaining unaltered high electrical conductivity.23 Furthermore,
atomistic simulations have also confirmed that the presence of
fivefold twins can enhance the yield strength of Cu NWs due to
the existence of twin boundaries which act as the barriers for the
dislocation emission and propagation.24
Although the effects of twins on the mechanical properties
have been extensively investigated for metallic materials over the
past decade, to the best of our knowledge a thorough study of
thermal stability of Pt NWs with twin structures is still lacking.
More importantly, Pt NWs will lose their excellent catalytic
activity once their structures are destroyed under heating or at
high temperature conditions which many catalytic reactions
require. Therefore, investigations on the structural and thermal
stabilities of Pt NWs are crucial for their industrial applications.
Especially, it is urgent to ascertain whether the introduction of
twins brings a difference in the stability properties of Pt NWs






























































View OnlineIn this article, we present systematic studies on the structural
and thermal stabilities of both single-crystalline and twinned Pt
NWs by atomistic calculations. First, the size dependence of
structural stability is investigated. Subsequently, we explore the
structural evolution and dynamics associated with the melting of
Pt NWs and address the effects of twin boundaries on their
thermal properties by comparing the results of single-crystalline
and twinned structures.2. Simulation methodology
Two types of Pt NWs with axis along the [110] orientation,
namely single-crystalline nanowire (SCNW) with close circle
cross-section, and fivefold twinned nanowire (FTNW) with
pentagonal geometry, have been constructed from a large cubic
fcc single crystal of platinum, as illustrated schematically in
Fig. 1. Total numbers of atoms in both types of NWs have been
carefully chosen to make them possess the same length and
diameter. They are infinitely long along their axes by applying
periodic boundary conditions. Similarly, a series of Pt NWs with
different sizes and structures are modeled. Due to the limitation
of present computer facilities available, the diameter of Pt NWs
varies between 4 and 35 nm.
Based on our previous works,25–27 the quantum corrected
Sutton–Chen (Q-SC) type potential has been adopted to
describe the interatomic interactions of platinum. These
potentials represent many-body interactions, and their param-
eters are optimized to describe the lattice parameter, cohesive
energy, bulk modulus, elastic constants, phonon dispersion,
vacancy formation energy, and surface energy, leading to an
accurate description of many properties of metals and their
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accounting for the repulsion between the i and j atomic cores; ri is
a local electron density accounting for cohesion associated with
atom i defined byFig. 1 Schematic illustration of the Pt SCNW (a) and FTNW (b)
oriented in [110] direction. The corresponding cross sections are pre-
sented on the right. Green spheres denote the atoms located at twin
boundaries.








In eqn (1)–(3), Rij is the distance between atoms i and j; a is
a length parameter scaling all spacings (leading to dimensionless
V and r); c is a dimensionless parameter scaling the attractive
terms; 3 sets the overall energy scale; n and m are integer
parameters such that n > m. Given the exponents (n, m), c is
determined by the equilibrium lattice parameter, and 3 is deter-
mined by the total cohesive energy. The optimized parameters
for Pt are given as follows: n ¼ 11, m ¼ 7, 3 ¼ 9.7894 meV, c ¼
71.336, and a ¼ 3.9163 A,30 which have been verified to be reli-
able by many previous studies.27,29
Upon starting the MD simulations, all Pt NWs have been first
quasi-statically relaxed to a local minimum energy state through
the conjugate gradient method (CGM).31 The cohesive energy
could be obtained by summing the total energy of atoms in the
NWs, according to the eqn (1)–(3) mentioned above. After full
relaxation, both types of NWs with a diameter of about 6 nm and
a length of about 20 nm have been subjected to continuous
heating. To make the simulations more reliable, we have
employed constant volume and temperature molecular dynamics
(NVT-MD) to allow energy fluctuations, which may be critical to
the resulting dynamics. The NWs undergo a heating process
consisting of a series of NVT-MD simulations from 300 K to
2300 K with a temperature increment of 50 K. However,
a smaller step of 10 K has been adopted to investigate the melting
behavior more accurately when the temperature goes up to
around the melting point. The simulations are carried out for 200
ps of the relaxation time at each temperature. Meanwhile, the
statistical quantities have been obtained in the last 25 ps. The
desired temperature and ambient pressure are maintained by
a Nose–Hoover thermostat32 and Berendsen approach,33
respectively. The equations of atomic motion are integrated by
the Verlet-velocity algorithm34 with a time step of 1.0 fs. All the
calculations were performed with the Fortran codes developed
by ourselves.
3. Results and discussion
Generally, the structural stability can be determined by the
cohesive energy, which is equal to the negative of potential
energy per atom at ground state. That is, structure with higher
cohesive energy tends to be more stable. In order to investigate
the size dependence of the cohesive energy, a common definition
of diameter d, based on equivalent volume, is introduced by
viewing the cross sections of both types of NWs as circular








a 30 ; (4)
in which V is the volume of the NW, L is the length,N is the total
number of atoms, and a0 ¼ 3.924 A is the lattice constant of bulk
Pt. Note thatN is divided by four because there are four atoms in
each unit cell of fcc lattice. Fig. 2 shows the potential energies of
fully relaxed NWs of diameters up to 35 nm. Considering that
a NW can be composed of atoms located in its interior, side
surfaces and edges, the average energy per atom of the NW can
be expressed asJ. Mater. Chem., 2011, 21, 18998–19004 | 18999
Fig. 2 Size dependent potential energies of Pt SCNWs and FTNWs.
Fig. 3 Temperature dependent potential energies and specific heat






































































where N, Ni, Nf, and Ne is the atomic number of the system,
interior, surfaces, and edges, respectively; E, Ei, Ef, and Ee is the
average energy per atom of the system, interior, surfaces, and
edges, respectively. Hence, the polynomial function above can be
adopted to fit the data of calculations with the framework of the
least-squares method, and the fitted curves have been depicted in
Fig. 2. It is seen from this Figure that strong size effect is evident,
suggesting that surface effect will be pronounced and plays
a crucial role in determining the stability of Pt NWs under
ultrafine sizes. Besides, the single-crystalline NWs are obviously
more stable than the twinned ones of the same sizes by
comparison of cohesive energy. Considering that Pt twin
boundaries, as mentioned before, have the significantly high
interfacial energy, it is not surprising to find the superiority of
structural stability for the SCNW compared with the FTNW.
It is well known that temperature is an important factor to
affect catalytic reactions in application of Pt catalysts. Conse-
quently, there has arisen a natural motivation to explore the
thermal stability of Pt NWs under heating or different temper-
ature conditions. In particular, to elucidate the role of twin
boundaries on stability our attention focuses on the comparison
analysis of the temperature-dependent stability of Pt NWs with
both single-crystalline and fivefold twinned structures.
The occurrence of solid to liquid phase transition can be
represented by the variation of thermodynamic properties such
as potential energy and specific heat capacity during the heating
process. Hence, we have calculated the average potential energy
of the NWs as a function of temperature and accordingly







where Rgc ¼ 8.314 J mol1 K1. Fig. 3 illustrates the temperature
dependence of the potential energy as well as the specific heat
capacity for both types of Pt NWs. The phase transition can be
clearly identified by a pronounced rise in potential energy and
a sharp increase in heat capacity. Although the melting process
goes through a temperature range in which the potential energy
accomplishes an abrupt jump, a melting point Tm can be well19000 | J. Mater. Chem., 2011, 21, 18998–19004defined as the temperature at which the heat capacity reaches its
maximum. Deducing from the curves in Fig. 3, it is around 1800
K for both types of NWs. This value, consistent with those of the
polyhedral Pt NCs in our recent study,27 is greatly decreased by
245 K compared with the experimental value of bulk Pt (Tm ¼
2045 K35). This discrepancy should be mainly attributed to a high
surface–volume-ratio in wires with sizes falling into the nano-
scale, which was previously reported by investigating the diffu-
sive behavior of atoms in NWs.28,36 By carefully comparing those
curves in Fig. 3, different temperature intervals for the jumps of
potential energy and heat capacity can be found: they cover
a range from 1820 K to 1840 K for the SCNW but from 1770 K
to 1800 K for the FTNW. The relatively slower rate for melting
of FTNW is clearly presented, which should be associated with
the structural inhomogeneity due to the existence of twin
boundaries. Additionally, a minor difference in melting point
between two types of NWs can be identified: it is 1830 K for the
SCNW and 1780 K for the FTNW, indicating that, in
comparison with the SCNW, the FTNW exhibits poor thermal
stability. Besides, there is a turning point beyond the overall
melting for both curves of potential energies. At the same time,
the heat capacities reach their negative maximums at the critical
temperatures, which are 2050 K for the SCNW and 1950 K for
the FTNW. At these critical points, the NWs break into clus-
ters, which can be verified by the atomic arrangements at cor-
responding temperatures. The tendency of minimizing the
surface area in the formation process of clusters lowers the
surface energy and accordingly decreases the total potential
energy.
Why does the twinned NW exhibit worse thermal stability
compared with the single-crystalline one? To investigate the
melting behaviors of both types of NWs and to acquire their
intuitive pictures during heating process, we have extracted
positions of all atoms in the NW at each temperature. The
melting mechanism can be detected through analysis of the
structural evolution, diffusion coefficients, root-mean-square
displacement (rmsd) of atoms and so on. Among these methods
mentioned above, the Lindemann index is a simple but effective
measurement of thermally driven disorder. It is often used to
characterize the thermal evolution of a system. For a system ofN
atoms, the local Lindemann index for the ith atom in the system
is defined as the root-mean-squared (rms) bond length fluctua-













































































where Rij is the distance between the ith and jth atoms. The
Lindemann index was originally developed to study the melting
behavior of bulk crystals. The Lindemann criterion suggests that
the melting occurs when the index is in the range of 0.1–0.15,
depending on materials.39 The temperature dependent Linde-
mann indices during the heating process are illustrated in Fig. 4.
The Lindemann indices present similar variations for both types
of NWs: they are linearly increased with rising temperature in the
initial stage. However, they begin to deviate from the linear
increase as the temperature reaches 1400 K or so. Afterwards,
jumps occur at around 1800 K. More precisely, the jumps cover
ranges which exactly correspond to the temperature intervals of
melting for two types of NWs in Fig. 3. This agreement indicates
that the Lindemann index is an appropriate measurement of the
melting process. However, compared with the bulk, a much
smaller critical index of 0.032 should be adopted for Pt NWs, as
denoted by the dashed line in Fig. 4. This is reasonable due to the
relaxed constraint of the surface atoms in NWs, and is consistent
with the results of clusters and homopolymers where a criterion
index of 0.03 was suggested during the melting process.37 When
the jumps are accomplished, the Lindemann indices continue to
increase linearly, except for the region near the turning points of
2050 K for the SCNW and 1950 K for the FTNW. Therefore, the
turning points similarly originate from the breaking of the NWs
at the late stage of the heating process. For further investigation
of the melting process, the concept of the Lindemann atom has
been introduced here. For both NWs, the atom whose Linde-
mann index is beyond the critical value of 0.032 is defined as
a Lindemann atom. The percentages of the Lindemann atoms
during the heating process are demonstrated in the inset of Fig. 4.Fig. 4 Temperature dependent Lindemann indices of Pt SCNW and
FTNW during the heating process. Dashed line denotes the critical
Lindemann index of 0.032. The inset presents the percentage of Linde-
mann atoms in both NWs as a function of temperature.
This journal is ª The Royal Society of Chemistry 2011It can be seen from the curves that there is no Lindemann atom in
both NWs when the temperature is below 1000 K. With
increasing temperature, the Lindemann atoms appear and
become more and more numerous. Around the melting point, the
percentage accomplishes a jump to 100%. Beyond the melting
point, all atoms in the system are Lindemann atoms under
subsequent heating, even during the breaking stage of NWs.
Extensive research has verified that the melting behaviors of
NWs were closely associated with their atomic arrangements. It
is known that surface atoms usually melt prior to the interior
ones because of their fewer nearest neighbors and weaker
bonding, resulting in the occurrence of surface premelting in fcc
SCNWs.25,26,36 Therefore, it is expected that the introduction of
fivefold twins into the NWs make them exhibit different melting
modes from the SCNWs. In order to verify this expectation, we
have demonstrated the snapshots of the distribution of Linde-
mann atoms in both NWs taken at four representative temper-
atures during the heating process, as shown in Fig. 5. It can be
revealed that at room temperature of 300 K, the atoms in both
NWs are all orderly arranged, and the Lindemann indices are
below 0.008. As the temperature rises to near the critical point,
however, different modes of melting can be identified in the two
types of NWs. For the SCNW, the indices basically step up
homogeneously, and the relevant snapshots indicate the exis-
tence of premelting on the surface (see Fig. 5). Actually, the
melting gradually expands from the surface to the interior until
the breaking of the NW into clusters. For the FTNW, however,
an inhomogeneous evolution along the axis is clearly presented in
the snapshots of the NW and, accordingly, in the distribution of
Lindemann atoms with rising temperature. Although the
phenomenon of surface premelting still occurs, similar to what
happens in the SCNW, some interior atoms located in the upper
FTNW are preferentially melted at 1770 K. It seems that the
melting first penetrates through this region because those atoms
in this region all uniformly transformed into Lindemann atoms
with temperature further increased up 10 K (see Fig. 5). For
other region, Lindemann atoms are only distributed on the
surface at this temperature. After the overall melting, typically at
1950 K, a clear necking has been formed, and the breaking of
FTNW will finally occur.
From the analysis above, one can find that the melting process
is homogeneous for the SCNW while inhomogeneous for the
FTNW. Why does the FTNW exhibit a different melting
behavior from the SCNW? Considering that the two NWs are
equally orientated and possess the same lattice, the difference of
melting behavior should be originated from the existence of twin
boundaries. Therefore, a detailed investigation on the micro-
structural evolution of twin boundaries is crucial to discover the
melting mechanism of the FTNW. Here, the common neighbor
analysis (CNA), proposed by Honeycutt and Andersen,40 has
been employed to characterize the local crystal structure in NWs.
This method has already been used successfully to analyze the
structural evolution of materials during the melting and defor-
mation process.26,41–43 To determine the crystal structure, the
bonds between an atom and its nearest neighbors are examined
in this analysis. Every two atoms that have common neighbors
are considered to be a pair. Four indices, ijkl, are assigned to each
pair to describe different types of local order. All bonded pairs in
the fcc crystal are of type 1421, whereas the hcp crystal has equalJ. Mater. Chem., 2011, 21, 18998–19004 | 19001
Fig. 5 (left) Snapshots of Pt SCNW (up) and FTNW (down) taken at four representative temperatures during the heating process. Coloring denotes
type of atom: white, non-Lindemann atom; red, Lindemann atom. (right) The calculated Lindemann index distributions of atoms at these temperatures.






























































View Onlinenumbers of types 1421 and 1422. Utilizing CNA, all the atoms in
a NW were classified into three categories: atoms in a local fcc
order are considered to be fcc atoms; atoms in a local hcp order
are classified as hcp atoms whose occurrence in an fcc crystal is
regarded as the structure of stacking faults; atoms in all other
local orders are considered to be ‘‘other’’ atoms since they do not
reveal any useful information in fcc NWs.
The temperature dependent percentages of fcc and hcp atoms
are shown in Fig. 6a for the two Pt NWs. Due to the existence of
surface atoms, the proportion of fcc atoms in the SCNW is
remarkably smaller than 100%. It maintains a constant at low
temperatures below 600 K, indicating that the SCNW keeps its
original fcc configuration. With increased temperature, only
a minor part of fcc atoms transform into ‘other’ ones but the fcc
structure of the SCNW basically preserves. It should be noted
that hcp atoms occur in this NW at 1750 K and their proportion
reaches the maximum at 1800 K. These hcp atoms form the
structures of stacking faults, as shown in Fig. 6c. Their occur-
rence means that the structural transition happens in the SCNW.
Part of the hcp atoms remain until the overall melting of the
whole NW, while the rest of them disappear before melting. At
the melting point, both fractions of fcc and hcp atoms show
a sudden decrease to near zero, indicating the phase transition
from solid to liquid. After the overall melting, all atoms in the
SCNW transform into ‘other’ atoms, suggesting the full loss of
the initial fcc structure.
The structures of stacking faults are usually considered as the
results of stress-driven dislocation activities. Therefore, we have
further calculated the normal stress of the NWs at different19002 | J. Mater. Chem., 2011, 21, 18998–19004temperatures, as shown in Fig. 6b. The normal stress along the
axis is negative and increases with enhanced temperature before
the occurrence of structural transition. The negative stress means
that the SCNW endures a compressive stress as the temperature
is increased, which is mainly attributed to the thermal expansion
of the lattice. Once the stress reaches the negative maximum,
further increased temperature will induce the dislocation nucle-
ation on surface and propagation through the entire NW,
resulting in the transition from fcc to hcp structures. In terms of
theory of crystal dislocations, two adjacent {111} planes of hcp
atoms will occur after a Shockley partial dislocation nucleates
and propagates through an fcc crystal. Therefore, Fig. 6c indi-
cates that the activities of Shockley partial dislocations happen in
{111} planes during the heating process. Once partial disloca-
tions propagate through the NW, the internal stress will be
released, as shown in Fig. 6b. With the activities of partial
dislocations, the normal stress is gradually decreased and passes
over zero after the melting point. This trend continues until the
breaking of NWs. After that, the normal stress is close to zero.
Fig. 6a also illustrates the temperature dependent percentages
of fcc and hcp atoms for the FTNW. The majority of the atoms
are fcc at low temperatures below 900 K. Different from the
SCNW, there is considerable proportion of hcp atoms (about
19%) in the FTNW. These hcp atoms actually locate in twin
boundaries, as denoted by green spheres in Fig. 1b. Note that the
FTNW can be regarded as composed of five twins with different
orientations. Due to the thermal vibration increased with rising
temperature, a minor part of fcc and hcp atoms may transform
into ‘other’ ones. However, the fcc structures in each twin of theThis journal is ª The Royal Society of Chemistry 2011
Fig. 6 (a) Percentages of fcc and hcp atoms in both types of NWs as
a function of temperature. Black and red points denote the results for the
SCNW and FTNW, respectively. Solid circles and squares denote the fcc
and hcp atoms, respectively. (b) Temperature dependent normal stress
along the axis of the Pt SCNW and FTNW during the heating process.
Axial sections of the SCNW at 1800 K (c) and the FTNW at 1550 K (d).
Coloring denotes type of atom: green, fcc; red, hcp; and blue, other. (e)






























































View OnlineFTNW and the hcp structures in twin boundaries maintain well
until 1500 K. It is found that some hcp atoms firstly emerge in
interior of one twin in the FTNW at 1550 K, as indicated in
Fig. 6d. With increasing temperature, hcp atoms also successively
occur in other twins of the FTNW. Different from what happens
in the SCNW, those planes, formed by hcp atoms, do not pene-
trate through the FTNW. Accompanied by the presence of hcp
structures, the normal stress quickly passes through zero and is
finally maintained at near zero during the subsequent heating
(see Fig. 6b).
As mentioned above, the orderly arranged hcp atoms in fcc
NWs suggest the occurrence of stacking faults. It is clearly seen
from Fig. 6d that the stacking faults occur in one of five twins,
indicating the activities of Shockley partial dislocations. These
partial dislocations generally nucleate at surface, and preferen-
tially glide through the entire FTNW along {111} planes. Due to
the blocking of twin boundaries, the movements of partial
dislocations are terminated, consistent with the study of copperThis journal is ª The Royal Society of Chemistry 2011NWs.23 Some of stacking faults can disappear as the temperature
is further increased. Although the existence of twin boundaries
has hindered the motions of Shockley partial dislocations, these
twin boundaries have been simultaneously destroyed to some
extent, as indicated by Fig. 6e (see those atoms in the red circle).
The atoms in the destructive twin boundary lose their initial
12-fold coordination and have potential energies higher than that
of those atoms in the undestroyed region, thus can become
thermally disordered and preferentially melt with further heat-
ing. As the temperature is sufficiently high, the melting will first
penetrate through the FTNW via this destructive boundary, as
indicated by the snapshot of the FTNW at 1780 K in Fig. 5. Also,
the necking is easy to form in this premelting region. It should be
noted that the partial dislocations do not occur simultaneously in
every twin. They first propagate through one of the five twins
included in the FTNW, as illustrated by Fig. 6d, resulting in the
destruction of the corresponding twin boundaries (see Fig. 6e).
Therefore, it is observed that the melting spreads through the
firstly destructive twin boundary, exhibiting an inhomogeneous
behavior in the FTNW (see Fig. 5).
Actually, it has been previously observed that the presence of
twin boundaries can lower the melting temperatures of metals.44
Furthermore, the decrease of melting point is dependent on the
orientations of twin interfaces. For example, the introduction of
{111} twin interface lowers 25 K in melting point of bulk
aluminum, while the value is 100 K for {112} twin interface.45
Our study further demonstrates that the introduction of a twin
boundary profoundly affects the melting behavior and thermal
properties of NWs.4. Conclusions
In summary, atomistic simulations have been employed to gain
insights into the thermal stabilities of single-crystalline and
fivefold twinned Pt NWs. The Lindemann index and bond pair
analysis are adopted to characterize the melting and structural
evolution of Pt NWs. Our calculations demonstrate that the
SCNW exhibits better structural and thermal stabilities than the
twinned NW. The overall melting temperature is lower for
twinned NW than that for single-crystalline one, which is
attributed to their different melting behaviors. An inhomoge-
neous melting behavior is observed in the twinned NW, different
from that in single-crystalline one. By analyzing the structural
characteristics of the twinned NW, it is found that the inhomo-
geneous melting originates from the destructive twin boundaries
due to the activities of Shockley partial dislocations driven by the
enhanced stress with rising temperature. Our study contributes to
the in-depth understanding of the effects of twin boundary on
thermal properties of NWs and indicates that a compromise
should be struck between thermal and mechanical stabilities in
high-temperature catalytic applications. It will inspire further
design and developments of new type of nanoscale catalysts.Acknowledgements
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